Abstract. Tensile failure of metals often occurs through void nucleation, growth and coalescence. This work is concerned with the study of plastic nanovoid cavitation in face-centered cubic (FCC) crystals at finite temperature. In particular, the Quasicontinuum (QC) method, suitably extended to finite temperatures, is taken as the basis for the analysis. We specifically focus on nanovoids in copper single crystals deforming in uniaxial and triaxial tension. The complex structure of dislocations around the nanovoid and the evolution of stress, deformation and temperature of the sample is described in the present work.
Introduction
Atomistic simulations of materials have gained recent interest due to their applications in nano and micro mechanics. To understand the mechanical response of materials subject to dynamical loads the knowledge of the physical and thermodynamical properties of materials is required. Molecular dynamics (MD) techniques have been used by many authors to study the mechanical response of materials with nanovoids. However, a correct simulation of plastic phenomena requires the use of very large systems and appropriate boundary conditions, which may result in complex MD models. In this sense, multiscale (MS) modelling provides an alternative to MD simulation, especially for this type of problem. Particular MS technique, the Quasicontinuum method (QC) [1] has been succefully employed in the past. In the current work, QC method with extension to systems in thermodynamic equilibrium and non-equilibrium (HotQC) is used.
Results are shown for numerical tests according to a non-equilibrium finite temperature problem using QC method. This problem has been studied by many authors, but none of them have included systems outside equilibrium. Also, the purpose of these tests is to understand the nucleation of particular arrangement of atoms around a nanovoid and the evolution of the temperature field in this process.
QC Method for Non-Equilibrium Problems
QC is a multiscale modelling scheme that seamlessly spans continuum and atomistic descriptions. The method starts with a small and complete atomistic system around a core defect. Then the rest of the crystal is modelled in the geometry and reducing the configuration space of the crystal trough a judicious application of a finite element-based kinematic constraints. To avoid full lattice sums, only atoms in small clusters, surrounding the representative atoms must be visited for computing the effective out-of-balance forces. Additionally, the selection of representative atoms is performed adaptively based on the local strain of the elements. The tolerance governing the adaptation process is set so that the full atomistic resolution is attained only in the presence of dislocations.
The force among atoms is directly computed by empirical potentials. As in conventional continuum mechanics, QC permits the direct simulation of systems controlled through the application of remote boundary conditions. Details of the implementation of QC used in the present study and an analysis of convergence of the method may be found in [1] .
Extension of the QC method to systems in thermodynamic equilibrium and non-equilibrium was developed in [2] . This extension is possible by the application of a variational mean-field theory and the maximum-entropy (max-ent) formalism. Using this formalism, we can directly approximate the probability density function to find the system in a certain state, not necessarily in equilibrium. In this model, every atom within the system have its own local statistical parameters, temperature and entropy, in addition to position. Then, the max-ent variational principle provides the most likely probability density function within the assumed mean-field class and consistent with all constraints on the systems.
Attention to macroscopic processes that are quasi-static is performed. Under these conditions, the net result of the max-ent procedure is to define a non-equilibrium free energy depending on the positions and temperatures of all the atoms. The non-equilibrium free energy is computed explicitly by numerical quadratures and the result may be regarded as a temperature-dependent interatomic potential. The stable configuration of the system is found by minimization of the free energy for a given temperature field.
The next step in the development of the method therefore concerns the calculation of the evolving temperature field. We accomplish this by coupling the free-energy minimization problem to a diffusion form of the energy-balance equation. The proper form of the coupling is suggested by the variational formulation of coupled thermo-mechanical problems proposed in [3] .
Numerical Test
A nanovoid triaxial expansion problem is studied using the HotQC method outlined previously. This problem has been studied by many authors but none of them have considered the system in thermodynamic non-equilibrium. The purpose of these tests is to understand the nucleation and evolution of dislocations emanating from the surface of the nanovoid, and also the evolution of the size and shape of the nanovoid with the applied deformation. Results are compared with similar ones obtained using MD techniques. Problem definition. It is well establish that the nature of nanosized void growth in single crystals is sensitive to the crystal structure. In particular, an initially spherical void in FCC metals grows into an octahedral shape as observed in single crystal spall experiments [4] . We consider a computational cell of size 216a 0 × 216a 0 × 216a 0 (a o = 0.3615nm) of copper, containing a total of 51 × 10 6 atoms. A spherical void of radius 3.5a 0 is created in the center of the cell with initial full atomistic resolution within a 8a 0 ×8a 0 ×8a 0 region surrounding the void. The applied load consists of a triaxial expansion of the void by prescribing pure dilatational displacements over the cell boundary, deformation is steadily increased by 0.1 % increments. At every step new stable equilibrium configuration is obtained by using the Polak-Ribiere variant of the non-linear conjugate gradient algorithm. Previously, the sample is allowed to expand isothermally at T 0 = 300K. In order to check the effect of the triangulation on the macroscopic behavior of the material, two distortion energies (HR and LR) have been implemented. Additionally, a second cell of 864a 0 ×864a 0 ×864a 0 or 312.3 nm of length have been analyzed in order to better observed dislocation structures around the surface of the void. In this case the cell contains a 15a 0 nanovoid. The total number of atoms in this cell is 323 × 10 6 and the initial nodes are 33 × 10 3 . Results and Discussion. Fig. 1 shows the evolution of tension and void volume expansion vs deformation. The behavior of the material is linear up to 5% of deformation followed by a hardening regime up to the failure of the material. A comparison with MD study is also shown, with higher slope value due to the characteristic high strain rate of MD simulations. The V void /V curve shows that void growth is not linear with the deformation and following an exponential behavior as indicated by continuum theories. The dislocation structures that form after the first yield point are shown in Fig. 2a , fourfold assemblies of stacking-fault tetrahedra are observed in planes 111 around the nanovoid. Up to 6% of deformation the void growth rate increases again, atomic configurations are shown in Fig.  2b . At this point, the dislocation grows over the primary octahedron as shown in Fig. 2a . Atoms with label A are stacking faults dislocations in 111 planes and atoms with label B are perfect dislocations 1/2[110]100). Finally, an interval with strong non-linearity indicates the fragile failure of the material.
The evolution of the macroscopic temperature with respect to deformation is shown in Fig. 3 . Up to 5% of deformation, the temperature decreases constantly according to the thermo-elastic behavior of the material. After 6.2% of deformation, the rate changes due to the formation of dislocations around the nanovoid, decreasing up to 238 K. Finally, when after failure the temperature value jumps up to 262 K due to the break of atomic bonds in the nanovoid surroundings. 
Conclusions
In this work we have applied an extension of the QC method to study the thermo-mechanical behavior of a nanovoid under tension in copper. The extension of the Quasicontinuum method to nonequilibrium systems has provided a detailed solution of the forces, deformation, and temperature at every point of the sample, with atomistic resolution close to the defect. In this region, both adiabatic as well as isothermal simulations indicate that a fragile fracture occurs in the material shortly after dislocation structures appear. The multiscale resolution of the Quasicontinuum approach then serves to compute a macroscopic response of the whole crystal, where fracture is clearly identified.
